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Abstract 
Main requirements for successful production of aluminum via carboreduction of alumina using solar vacuum reactors are 
sufficiently high reaction temperature, suitable low partial pressure of the product gases, fast heating and quenching at 
temperature low enough to prevent backward reaction.   Based on these requests a batch solar reactor was modeled, designed, 
built and tested. Experimental results of the solar tests under different vacuum levels and temperature conditions will be 
presented. It will be shown that for reaction temperature, which is above the minimal temperature required for full conversion 
as predicted by thermodynamic calculations for appropriate pressure, the alumina to aluminum conversion is above 90%. Not 
reaching the full conversion can be explained by the byproducts formation during the initial preheating.  At lower reaction 
temperatures and higher CO partial pressure by products can also be formed when reaching steady state condition both in the 
forward and backward reactions. This formation in the forward reaction is confirmed by the discovery of larger amounts of 
Al4C3, Al4CO4 solids as the residual byproducts in the reactants holder and higher alumina content in the deposits on the cold 
parts of the reactor that originated from the volatile Al2O produced in the forward reaction which during the deposition 
converts to alumina and aluminum. Decreasing the reaction temperature is accompanied by decreasing the temperature in the 
hot zone that causes the increasing of the deposit mass there with higher amount of Al4C3 and Al4CO4 produced in the 
backward reaction. Nano crystalline and amorphous morphology of the deposits in the cold zone caused by fast cooling will 
also be discussed. 
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1. Introduction 
Aluminum (Al) is an element with strong metal-oxygen bonds and complicated chemistry. Its oxide thermal 
carboreduction demands high temperature and high energy input and is accompanied with byproducts (volatile 
aluminum suboxide, solid carbide and oxycarbide) formation. High energy is also consumed in the industrial 
electrolytic Al production process. Therefore, solar thermal carboreduction can be considered as a promising option 
when at least part of the necessary energy can be provided from concentrated solar radiation. A major difficulty is 
the need for high reaction temperature at atmospheric pressure which according to Le-Chatelier’s principle can be 
reduced under vacuum conditions. This however, requires additional energy input for the pumping.  
The thermodynamics of the process has been discussed in [1, 4, 5] but the experimental confirmation done so far 
is incomplete although reported already since the 1950s [2-5]. Complementary experimental investigations in a wide 
range of temperatures and pressures in solar conditions are required before a conclusion about potential commercial 
implementation of solar alumina carboreduction in vacuum is drawn. 
 
Nomenclature 
DNI day normal insolation  
PCO  partial pressure of carbon oxide CO 
t temperature in °C 
T            temperature in K 
τ             time 
f(τ)avg      function averaged in time of second CO peak 
2. Strengths and weaknesses of the process 
The main thermodynamic features discussed also in [5] are: 
 
x Relatively high reaction temperature even under vacuum (typically >1500°C). 
x High condensation temperature of the aluminum vapor (1200-1500°C depending on the vacuum level) that 
can promote oxidation and carbonization of the reduced metal in reverse reactions. 
x High volumes of product gas (55 moles CO released per kg of reduced aluminum) which result in high 
electrical energy consumption for pumping. 
x Complex chemistry accompanied by solids (aluminum carbide Al4C3 and oxycarbides Al4CO4, Al2CO) 
and volatile (aluminum sub-oxide Al2O) byproducts formation. 
 
The use of sustainable high concentrated solar energy for the reactants preheating and endothermic energy 
constitutes a conclusive strength. On the other hand as can be concluded from the features mentioned above that 
were confirmed theoretically in [5] the main weaknesses can be formulated as: 
 
x additional electrical energy  consumption for pumping depending on suitable pressure which determines 
the reaction temperature; 
x undesirable by-products formation which can be formed during 
a) preheating of the batch reactor; 
b) forward reaction if the reaction temperature lower than the required by the CO partial pressure; 
c) backward reaction  if the temperature of the Al deposit sites is not low enough. 
 
The reduction of alumina is indeed difficult and its economic feasibility depends on the link between the 
pressure and temperature [5]. To study the various aspects of this process at different operating conditions a high 
temperature solar reactor that can work under vacuum and at batch mode was designed, built and tested. This 
study also demonstrates the approach to the high temperature reduction of other metal oxides. 
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3. Solar reactor 
3.1. Concentrating optics 
In order to reach a reaction temperature above 1500°C, the optical facility with high concentration (>5000 suns) 
available at the Weizmann Solar Tower was exploited.  
Its principal optical scheme is presented in Fig.1a: a heliostat reflects solar energy on the concentrating parabolic 
dish through the intermediate flat mirror. Concentrated solar light enters the reactor (Fig. 1b) first through a 
spherically shaped quartz window that can withstand the internal vacuum conditions and then through zirconia 
aperture placed at the focal plan of the dish.  
 
 
                       a                           b 
                                                                                                                                                     
 
Fig.1. (a) Schematic layout of the concentrating optics; (b) the solar reactor front view. 
3.2. Solar reactor design 
Solar reactor was designed based on modeling [6] to meet its main requisites such as:  
x high temperature in the reaction zone;  
x minimizing the transition region between  the cold area where the temperature is low enough to prevent 
backward reaction and the hot zone with temperature high enough to prevent aluminum vapor deposition; 
x provisions for a quartz window temperature and stress parameters lower than the allowable values.  
 
General cross section of the solar reactor is presented in Fig. 2a. Reactor contains graphite cover to prevent 
settling of product vapors released from the reactant holder on the quartz window, the graphite cone as a part of the 
hot zone and a water cooled stainless steel tube (0.05 m diameter) as the main cold deposit site for aluminum vapors.  
Further details are presented in Fig. 2b. It illustrates the sealing arrangement of the quartz window, the radiation 
shield to protect the sealing area, the graphite cover and crucible (pellets holder), the graphite tube and cone leading 
to the exit, the zirconia insulation and aperture, reaction pellets, location of a thermocouple (one of the eight shown 
in Fig 2a), cooling water for the flange with the window seals and argon carrier gas input at a flow rate 1 NL/min. 
Also it is shown here the course of the carrier gas up to the inner window surface then down to passage holes in the 
graphite cover and to the graphite cone, where it is mixed with the product gases.  
Reaction pellets were made of stoichiometric mixtures according to Eq. (1). They were prepared using wood 
charcoal as biomass source for the carbon, 10 μm alumina powder and 10 wt. % sugar powder as a binder. Pellets 
were made also by using commercial ALSA (Aluminum S.A., Greece) alumina powder with larger particle size and 
higher impurities. This material is used by ALSA for the electrolytic production of aluminum. The reactants mixture 
was pressed at 10 tons to form pellets and then heated to 165°C for 20 min. 
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                    )(2)(3332 gAlgCOCOAl                                                                      (1) 
 
                                                                                                               
 
      Fig.2. Solar reactor design: (a) general view and (b) details. 
3.3. Solar reactor experimental setup 
The principle scheme of the experimental setup is presented in Fig.3. 
 
Fig.3. A schematic layout of the experimental setup, 1 –reactor, 2a-pyrometer, 2b - IR camera, 3a,b-vacuum gauges, 3c,d-pressure 
transmitters, 4,13-inlet flow controllers, 5- trap, 6- filter, 7- liquid nitrogen trap, 8-dry vacuum system, 9- outlet flow meter, 10 -
diaphragm pump, 11-gas chromatograph, 12 – IR analyzer (CO, CO2,O2). 
Exit of the reactor is connected  through the trap 5 with dry  vacuum system 8 (model DRS1 made by Alcatel,  
comprising ACP40 multi-stage Roots pump operating without internal lubricant and Roots blower RSV301B with 
bypass capable of 250 m3/h peak pumping speed with 1000 mbar maximal continuous inlet pressure and 
0.003mbar ultimate pressure). The DRS1 is equipped with a filter 6, and a liquid nitrogen trap 7 (by Nor-Cal) at 
its entrance. Vacuum is measured by two convection vacuum gauges (Model CVM-211 by Instrutech Inc). One, 
3a, is placed at the cooling tube of the reactor, where the pressure is lower than the pressure in the hot reaction 
zone, and the other, 3b, at the entrance to the pumping system. 
Flow rate of carrier gas was supplied by Tylan General Flow Controller 4 model FC360   and flow rate at the 
exit of the reactor was measured by flow meter 9 (model FC360) that was connected with the outlet of the DRS1.  
Input and output pressures were measured by pressure transmitters 3c and 3d by STS Sensor. Temperature of 
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quartz window was observed by IR pyrometer 2a (Impac model 3837230, 5.14μm) and its full image was 
obtained using IR camera 2b (FLIR model a320 with spectral range 7.5-13 μm).  
The temperatures in solar reactor are measured by 8 W-Re (tungsten-rhenium) thermocouples, type C, suitable 
for high temperatures (XMO-W5R26-U-125-30-H-HX-18 by Omega) which were placed in different locations of 
the hot and cold zones (Fig. 2a).  
As it was mentioned above at the exit of the graphite crucible product gases are mixed with the Ar carrier gas 
and evacuated through the filters and nitrogen trap by the dry vacuum system. The exhausted gases are analyzed 
by Siemens Infrared Analyzer Ultramat 23, 12, calibrated to CO, CO2 and O2. Absence of O2 in the output gases 
before heating confirms the absence of leaks in the reactor. At the first stage of heating the output gases contain 
also hydrogen and small amount of CH4 originated from hydrocarbons impurities of the charcoal. For their 
analysis a small amount of output gases are exhausted by the diaphragm pump, 10, through a needle valve to the 
Varian 2900 Gas Chromatograph, 11. 
All measured parameters are recorded in PC every 5 seconds using Hydra Data Logger by Fluka. 
Solar reactor at working position and the dry vacuum system are presented in Fig.4.  
                      a                                                  b   
                                        
 
Fig.4. (a) Solar reactor under concentrated mirror; (b) Dry vacuum system.  
3.4. Solar reactor in operation 
                                           
Fig.5. (a) Solar reactor tested under concentrated solar light and (b) during cooling after the test. 
Photos of the solar reactor under concentrated solar light and during cooling after the test are presented in Fig. 
5 and IR image of the window during the test is shown in Fig.6. As it is possible to conclude the quartz window is 
reliably protected from settling of products and has a temperature significantly lower (~300-400°C) than the 
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allowable limit (~800°C) and lower than the temperature estimated by modeling [6] as presented in Fig.8 as a 
result  of additional external compressed air cooling. 
 
            
 
 
 
 
 
 
 
 
 
        
 
Fig. 6.  IR image of the quartz window during test. 
4. Experimental results and discussion 
4.1. The typical measured parameter and their treatment 
Typical solar test results are presented in Fig.7a, including temperatures at the low and upper part of the 
reactant layers, DNI, input and output gas flow rates (Ar calibration), pressure in the cold zone of the reactor (Gup) 
and in the entrance to the vacuum system, DRS1, (Gdown), window temperature measured by pyrometer, 
temperature along inner surface of the graphite cone, temperature of water cooled tube, inlet and outlet pressure 
and CO, CO2 and H2 composition. It can be seen that the CO yield has two peaks. First one at lower temperatures 
related to carbon oxidation by oxygen contained in different char impurities and the sugar and second peak by 
oxygen originated from the alumina in solid-gas reaction of Al2O3+3CO. Initial amount of CO is formed by 
carbon oxidation with negligible residual amount O2 and CO2 presented in reactant mixture even in vacuum 
conditions and in slow solid-solid reaction Al2O3+3C. CO2 in carboreduction is the main intermediate gas product 
that is immediately transforms to CO, fully or partially in the Boudouard reaction depending on the reaction 
temperature. Figure 7a shows full transformation of the CO2 to CO.   It can be seen that the maximal temperature 
in reaction zone was not higher than1650°C which corresponds to the theoretical estimation done using Fluent 
model [6] and presented in Fig.7b.   
The weight percentage of aluminium, alumina and by-products at different places after reaction was 
determinate by XRD quantitative analysis through Profile-Fitted Peaks. 
The formulas used for estimation of the main characteristics are presented below. The main parameters such as 
the CO partial pressure, reaction temperature and DNI were averaged by integrating over time f (τ) from 
beginning (τ1) to the end (τ2) of the second CO peak contained oxygen atoms from reacted alumina.  
 
                                                                                                                             (2) 
 
Oxygen balance of the reaction was estimated through the oxygen yield as number of moles of CO in the 
output gases divided by the number of oxygen atoms in the reacted alumina.  
 
                                                                                       (3) 
Aluminum yield was estimated as total weight of pure aluminum in deposits divide by the weight of aluminum 
in the reacted pellets.  
compressed air 
cooling 
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                                                                            (4)  
 
 
Fig.7. (a) Typical solar test parameters; (b) Calculated temperature distribution in K in the solar reactor (10.2 kW aperture input), Fluent model. 
 
It should be noted that in case of carboreduction of metal oxides with simple chemistry, e.g. ZnO and MgO, 
both the oxygen and the metal yield estimations coincide within the measurements inaccuracy, but in the alumina 
carboreduction case the aluminium yield is less than the oxygen yield because of carbides and oxycarbides 
formation. 
 
4.2. Solar tests results 
 
Main results of the tests that were made at different weather and temperature conditions and CO partial 
pressure are presented in Table 1. It is possible to conclude once more that the conversion decreases with the 
decreasing of the temperature and the increase of the CO partial pressure.  
Table 1. The main solar tests results. 
 
Test 
No 
Date Avg./max./min. DNI 
Avg./max. 
reaction 
temp. 
t [°C] 
Avg./max. 
CO 
partial  
pressure 
in the 
cooling 
tube area 
PCO[mbar] 
Avg. 
Temp./ 
Avg.CO 
partial 
pres. 
[°C/mbar] 
Oxygen 
yield [%] 
Al 
yield 
(weight 
conversion) 
[%] 
1a 28.11.12 924/937/906* 1525/1600 0.04/0.073 39776 93 90 
2a 17.12.12 812/938/17** 1442/1576 0.073/0.22 19619 79 39 
3a 27.12.12 744/902/17*** 1486/1551 0.17/0.39 8937 78 44 
4b 24.04.13 903/910/900* 1579/1651 0.31/0.60 5114 ------ -------- 
5b 21.05.13 860/870/850* 1548/1637 0.186/0.39 8319 76 34 
6b 28.05.13 858/870/840* 1528/1633 0.064/0.18 23815 91 74 
          a old facets;  b  new facets 
         *no clouds; **clouds time was 20% of reaction time; *** clouds time was 9% of reaction time                                                
 
a b 
320   501   682   864  1045  1227  1408 1590 1771 1953 
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Results of quantitative XRD analysis from Profile-Fitted Peaks are presented in Table 2 for samples from 
different sites in the reactor. It can be seen that the samples with high amount of pure aluminum were detected at 
the exit of graphite cone on a sub layer of carbide, the internal surface of the water cooled tube and in the filters. 
Aluminum carbide and oxycarbide were observed basically on hot sites as product of carbonization of deposited 
Al when temperatures of these sites were not high enough to prevent deposition and in the sample holder as by 
product of the forward reaction during preheating and when reaction temperature was not high enough.  Presence 
of corundum in the cold zone can be explained by volatile suboxide formation in forward reaction arrived there 
generally during the preheating phase. During its condensation suboxide can be transformed to alumina and 
aluminium according to Eq.(5). Presence of carbide in cold zone and the filters in tests with significant amount of 
reactant can be explained by blowing down residual carbide powder from the reactant holder. The separation of 
pure aluminium drops (section 4.2) collected in hotter sites from the by-products formed in backward reaction can 
be easily accomplished by heating the mixture to temperature above the melting point of the aluminum e.g. 
660°C. All the other impurities remain solid. However, in the future to receive the pure aluminium powder from 
the cold site the intention is to minimize the formation of the carbides and volatile sub-oxides in the forward 
reaction by applying a continuous feeding to the preheated empty reactor rather than a batch process. 
                 AlOAlgOAl 4)(3 322                                                                                          (5)   
Table 2.  The results of a quantitative XRD analysis.  
Test 
No 
Mass of 
reacted 
pellets [g] 
Mass of 
Al in 
reacted 
pellets 
[g] 
Weight of deposits and residual in sample holder[g] 
Content of deposits [wt.% by quantitative XRD] 
Hot 
zone 
Cold 
zone 
Filters 
Residual  
unreacted and 
by product in 
sample holder 
1 8.02 
 
 
2.68 
0.53 1.75 0.47 0.63 
70.3% Al 
12.3% Al4C3 
17.3% C 
89% Al 
11%Al2O3 
91%Al 
   5.4% Al4C3 
3.6%C 
66.4 Al4C3 
33.6%C 
2 20.54 
 
6.86 
 
2.02 3.84 0.62 3.73 
8.8%Al 
18.3% Al2O3 
31.5% Al4C3 
15.2%Al4CO4 
26.2%C 
27.2%Al 
72.8% Al2O3 
2.7%Al 
  81.4% Al2O3 
15.8%C 
14.1% Al2O3* 
71.2% Al4C3 
  14.3% Al4CO4 
0.35%C 
3 23.69 7.25 
2.11 3.97 0.71 6.61 
7.5%Al 
34.5% Al4C3 
32.5%Al4CO4 
32.%C 
56.6% Al 
43.1% Al2O3 
0.3% Al4C3 
 
33.5%Al 
  31.3% Al2O3 
35.2%C 
7.3% Al2O3* 
69% Al4C3 
  20.2% Al4CO4 
3.6%C 
4 33.33 11.13 
3.38 6.6 1.41 4.22 
28.1% Al 
4.1%  Al2O3 
18.7% Al4C3 
38% Al4CO4 
11% C 
42.3% Al 
33.5% Al2O3 
25% Al4C3 
3.1% Al 
79.4% Al2O3 
12.1% Al4C3 
98.5% Al4C3 
1.5% C 
5 29.54 9.87 
2.46 6 2.57 2.62 
22% Al 
40.2% Al4C3 
19.3% Al4CO4 
3.7% C 
54.6% Al 
21.6%  Al2O3 
17.3% Al4C3 
98.3% Al2O3 
1.76% Al4C3 
94.6% Al4C3 
5.5% C 
6 20.35 6.80 
1.87 5.33 1.74 0.79 
29% Al 
44.4% Al4C3 
31.5% Al4CO4 
92.7% Al 
7.2%  Al2O3 
0.5% Al4C3 
50% Al 
7% Al4C3 
40% Al4C3 
86.3% Al4C3 
13% C 
                 *Alumina in unreacted pellets 
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Oxygen and aluminum yield as a function of the ratio of averaged reaction temperature to averaged CO partial 
pressure is presented in Fig.8. This graph once more confirms that high conversion can be achieved only at higher 
reaction temperature and lower CO partial pressure. 
4.2. Aluminum morphology 
Examples of deposited aluminum are shown in Fig.9. It is Al films and powder (50-90% Al depending on 
reaction temperature and CO partial pressure) on water cooled tube at temperature of ~50°C and solidified 
condensate liquid aluminum deposited on insulating layer of aluminum carbide and oxycarbide with temperature 
close to the aluminium melting point at the exit of the graphite cone with temperature of ~1100°C. 
 
 
 
Fig.8. Oxygen and aluminum yields as a function of the ratio of the averaged reaction temperature to the averaged  
CO partial pressure.     
 
                          
 
                                                     
Fig.9. Examples of deposited aluminum: (a) Al film and powder on water cooled tube; (b,c) solidified condensate liquid aluminum on 
insulating layer of aluminum carbide and oxycarbide at the exit of graphite cone. 
 
 SEM images and XRD spectrum of aluminum from different deposit sites are presented in Figs.10, 11, 12 and 
13. 
Aluminum morphology deposited in cold zone is significantly different from the one deposited in hot sites and 
similar to the nanocrystalline structure presented in [7]. Other sample from the cold zone demonstrates more 
amorphous XRD spectrum (Fig.11a) with small aluminum peaks. It is assumed that together with nanocrystalline 
aluminum it comprises amorphous phase that can be associated with alumina (see Fig 11b, c). 
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Fig.10. XRD spectrum (a) and SEM images of nano aluminum deposited on the cold zone with Mag.=10.00 KX (b) and 80.00 KX (c). 
 
 
                   
                         
Fig.11. XRD spectrum (a) and SEM images of mostly amorphous powder deposited on the cold zone with  
Mag. =2.00 KX (b), 10.00 KX(c) and 80.00 KX (d). 
 
 
                                       
Fig.12. XRD spectrum (a) and results of quantitative analysis (b). 
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Fig.13. SEM images of aluminum drops on aluminum carbide sub layer with Mag.= 10.00 KX(c) at the exit of graphite cone. 
5. Conclusions 
x Tests at different CO partial pressures and different reaction temperatures were carried out. 
x It was confirmed that the conversion depends strongly on the reaction temperature and CO partial 
pressure: higher   temperature and lower CO pressure result in higher aluminum yield. The best results 
(90% aluminum convertion) were obtain in tests with averaged reaction temperature of 1525°C and 
averaged CO partial pressure of 0.04-0.06 mbar determined near the cold zone.  
x A major drawback is the relatively slow initial heating rate of the reactor, ~40 min to reach maximal 
temperature. During this time, insufficient temperature favors undesirable volatile and solid by-product 
formation in the forward and backward reactions. To save pumping energy and to avoid by products 
formation it is desirable to preheat first the reactor with empty sample holder and when reaching maximal 
temperature continuous controlled feeding rate of reactants as function of DNI and reaction temperature is 
recommended. 
x Morphology of the produced pure aluminum depends on temperature at the deposit site. In the cold zone 
(~50°C) fast cooling leads to nano aluminum formation, whereas at deposit site with temperature close to 
the aluminum melting point it is possible to obtain liquid aluminum. 
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